Abstract Macrostructural white matter damage (WMD) is associated with less uniform and slower walking in older adults. The effect of age and subclinical microstructural WM degeneration (a potentially earlier phase of WM ischemic damage) on walking patterns and speed is less clear. This study examines the effect of age on the associations of regional microstructural WM integrity with walking variability and speed, independent of macrostructural WMD. This study involved 493 participants (n=51 young; n=209 young-old; n= 233 old-old) from the Baltimore Longitudinal Study of Aging. All completed a 400-meter walk test and underwent a concurrent brain MRI with diffusion tensor imaging. Microstructural WM integrity was measured as fractional anisotropy (FA). Walking variability was measured as trend-adjusted variation in time over ten 40-meter laps (lap time variation, LTV). Fastpaced walking speed was assessed as mean lap time (MLT). Multiple linear regression models of FA predicting LTV and MLT were adjusted for age, sex, height, weight, and WM hyperintensities. Independent of WM hyperintensities, lower FA in the body of the corpus callosum was associated with higher LTV and longer MLT only in the young-old. Lower FA in superior longitudinal, inferior fronto-occipital, and uncinate fasciculi, the anterior limb of the internal capsule, and the anterior corona radiate was associated with longer MLT only in the young-old. While macrostructural WMD is known to predict more variable and slower walking in older adults, microstructural WM disruption is independently associated with more variable and slower fast-paced walking only in the young-old. Disrupted regional WM integrity may be a subclinical contributor to abnormal walking at an earlier phase of aging.
Introduction
Variable and slow walking contribute to disability and are common consequences of aging ) (for review, see (Vermeulen et al. 2011) . Macrostructural white matter damage (WMD) is consistently shown to be associated with variable and slow walking in older adults (Starr et al. 2003; Rosano et al. 2007; Bolandzadeh et al. 2014 ). However, less is known about the effect of age and subclinical WM changes on walking patterns and speed. Subclinical WM changes reflecting the subtle emergence of ischemic WM damage can be detected using fractional anisotropy (FA) based on diffusion tensor imaging (DTI) (Werring et al. 1999; Gallo et al. 2005) . Higher FA indicates greater integrity of WM microstructural components, whereas lower FA may reflect demyelination or axonal damage of the WM (Sen and Basser 2005) . Microstructural WM integrity is known to generally decline with age (Westlye et al. 2010; Sexton et al. 2014) . These subclinical brain changes may reflect the impact of early ischemic changes on walking at an earlier phase of life, thus offering a potential opportunity for early intervention.
While initial DTI studies show that the disruption of WM microstructure is associated with variable and slow walking in patients with Parkinson's disease, small vessel disease, and leukoaraiosis (Della Nave et al. 2007; de Laat et al. 2011a de Laat et al. , 2011b Vercruysse et al. 2015) , less is known about normal aging. Since subclinical age-related ischemic changes may contribute to the development of variable and slow walking, this issue is important to the field. To date, only two studies sought to examine microstructural WM integrity and gait disturbance in community-dwelling older adults (Bhadelia et al. 2009; Bruijn et al. 2014) . However, these studies have either focused on one specific WM tract or have not considered important covariates, such as age and macrostructural WMD.
Since macrostructural WMD, compared to microstructural WM integrity, might be considered a more advanced manifestation of ischemic small vessel disease of the brain, the stage of macrostructural WMD might be more advanced in the oldold than the young-old, Thus, the effect of microstructural WM integrity on walking variability and speed may be overridden by more advanced macrostructural WMD in the oldold. One prior DTI study that accounted for macroscopic WMD focused on relatively young older adults in their early seventies and found that a lower WM integrity in the genu of the corpus callosum was related to lower gait scores. (Bhadelia et al. 2009 ). Since younger adults would be expected to have healthier WM, and less abnormal walking performance than older adults, prior DTI studies have confirmed that among younger persons there is little association between WM integrity and gait (Van Impe et al. 2012; Bruijn et al. 2014) .
The spatial distribution of microstructural WM integrity in relation to walking variability and speed remains to be defined among community-dwelling older adults. Pioneer DTI studies have identified specific regions of WM microstructure that are associated with variable and slow walking, particularly in patient populations (Della Nave et al. 2007; Bhadelia et al. 2009; de Laat et al. 2011a de Laat et al. , 2011b Bruijn et al. 2014; Vercruysse et al. 2015) . Regions of interest that can potentially affect walking extend beyond those directly linking the motor cortex. For example, the cortico-cortical WM tracts connecting the frontal, temporal, and occipital lobes, are involved in processing motor and sensory information. The corpus callosum, the largest WM structure in the central nervous system, plays an essential role in integrating functions between left and right hemispheres (Kochunov et al. 2005) . The anterior portion of the corpus callosum (genu, rostrum, and body) connects bilateral prefrontal areas which support executive function. The prefrontal cortex is known to be related to gait planning (Miller and Cohen 2001) . The splenium (posterior portion) of the corpus callosum connecting bilateral temporal, parietal, and occipital lobes, is important for processing the visuospatial information (Raybaud 2010) . The subcortical WM tracts, such as the anterior limb of the internal capsule and the anterior corona radiata, carry fibers important for motor functions (Hendelman 2006) .
One limitation in studying variable walking is the lack of a clinically accessible measure of gait variability. Prior studies primarily relied on motion analysis or force plate systems to assess gait variability from one step to the next (Bruijn et al. 2014 ) (Koo et al. 2012 ). An alternative is to assess variability in walking time across multiple Blaps^of a longer walk. Variability in walk time or walking pace across repeated measures or laps offers an easily accessible way to assess gait variability. It is known to be related to functional decline (Li et al. 2001 ) and mortality (Vestergaard et al. 2009) .
In this study, we quantified the associations of FA in regional WM tracts with lap time variation (LTV) and mean lap time (MLT) in the young, the young-old, and the old-old without overt neurological disease or mobility limitation. We hypothesize that FA in selected WM tracts would be associated with higher LTV and longer MLT in older adults, and not in the young adults. We also hypothesize that the relationship in the old-old would be attenuated by advanced macrostructrual WMD.
Methods

Study population
This study used data from the ongoing Baltimore Longitudinal Study of Aging (BLSA) (Shock et al. 1984) . 545 participants underwent their brain MRI from 2009 to 2013. Participants were excluded if they were diagnosed with mild cognitive impairment, Alzheimer's disease, dementia, Parkinson's disease or had history of stroke. Mild cognitive impairment was determined by Petersen criteria for mild cognitive impairment (Zonderman et al. 1995) . Dementia and Alzheimer's disease were determined by the Diagnostic and Statistical Manual (DSM)-III-R and the National Institute of Neurological and Communication Disorders-Alzheimer's Disease and Related Disorders Association criteria (McKhann et al. 1984 ). Parkinson's disease and stroke were based on self-reported diagnosis by physicians. Among the 545, 493 men and women completed the 400-meter walk test without a walking aid during the same visit as the brain MRI. The 493 participants were grouped into three age categories; the young (aged<50), the young-old (aged 50-70), and the old-old (aged>70). The study protocol was approved by the institutional review board of record at the time of data collection. All participants provided written informed consent.
Image acquisition
Data were acquired on a 3 Tesla Philips Achieva scanner at the National Institute on Aging. Each participant underwent a T1-weighted magnetization-prepared rapid gradient-recalled echo (MPRAGE) scan, an interleaved proton density (PD) and T2-weighted dual-echo scan, a fluid-attenuated inversion recovery (FLAIR) scan, and two DTI scans at each visit.
The MPRAGE protocol was as follows: number of slices= 170, voxel size=1×1×1.2 mm 3 , reconstruction matrix=256× 256, flip angle=8°and TR/TE=6.5/3.1 msec. The interleaved PD/T2 dual-echo scan was acquired axially with a total of 100 slices (50 slices each), reconstruction matrix=256×256, voxel size=0.94×0.94×3 mm 3 , TR=3000 msec, TE=8 ms/100 ms. The FLAIR sequence was acquired axially with number of slices=35, voxel size=0.83×0.83×4.4 mm 3 , reconstruction matrix=320×320, TR/TE/TI=11000/68/2800 msec.
The DTI protocol was as follows: number of gradients = 32, max b-factor = 700 s/mm 2 , TR/TE = 7454/ 75 msec, number of slices = 70, voxel size = 0.81 × 0.81×2.2 mm 3 , reconstruction matrix=320×320, acquisition matrix=116×115, field of view=260×260 mm, flip angle=90°. Each DTI acquisition had two b0 images, which were averaged in k-space. Two separate DTI acquisitions each with NSA=1 were obtained and then combined offline (as explained in Image processing) for an effective NSA=2 to improve signal-to-noise ratio.
Image processing
The DTI processing followed standard practice for tensor fitting and quality assessment and is explained in detail in earlier publications (Lauzon et al. 2013) . Briefly, the individual diffusion weighted volumes were affine co-registered to a minimally weighted (b0) target to compensate for eddy current effects and physiological motion. The gradient tables were corrected for the identified rotational component using finite strain (Alexander et al. 2001) . To combine two DTI sessions with different intensity normalization constants that were unknown, each diffusion weighted image was normalized by its own reference image prior to tensor fitting.
To segment the WM, the Eve White Matter atlas (Lim et al. 2013 ) was combined with corresponding WM labels from multi-atlas segmentation using 35 manually labeled atlases from NeuroMorphometrics with the BrainCOLOR protocol (Klein et al. 2010) , and an FA mapped MRI. The WM labels were then intersected with WM segmentation and the resulting labels are iteratively grown to fill the remaining WM space from the multi-atlas labels. The WM regions of interest labels obtained from the T1 image for each visit were affine registered to the FA image and used to extract regionspecific average FA measures. After reviewing the distributions of quality control summary statistics generated by our pipeline (Lauzon et al. 2013) , eighteen scans were excluded due to either excessive motion or images that had globally high diffusion measure bias.
The tissue segmentation was done using a validated automated approach (Davatzikos et al. 2001 ) and intracranial volume (ICV) was obtained. The volume of WMH was quantified using MPRAGE, T2 and FLAIR images based on validated support vector machine classifier approach (Lao et al. 2008; Zacharaki et al. 2008) . Macrostructural WMD was measured as a ratio of total volume of WMH by ICV.
The FA in each individual tract was computed as the average from left and right hemispheres. In this study, WM tracts were selected a priori based on their known associations with mobility. The selected tracts included the cortico-cortical (superior longitudinal, inferior fronto-occipital, and uncinate fasciculi) (Dunsky et al. 2006; Scherder et al. 2011; Vercruysse et al. 2015) , the interhemispheric (the corpus callosum) (Della Nave et al. 2007; Bhadelia et al. 2009; de Laat et al. 2011a) , and the subcortical tracts (the anterior limb of the internal capsule, and the anterior corona radiata) (Vercruysse et al. 2015) .
Mobility measures
LTV was obtained from the 400-meter Long Distance Corridor Walk (LDCW). As administered in the BLSA, the LDCW consists of a 2.5-minute walk at a normal pace followed immediately by a 400-meter walk as quickly as possible. The course is 20 meters long in an uncarpeted corridor marked by orange traffic cones at either end. Participants are instructed to walk to the far cone and back for ten laps of 40 meters as quickly as possible. Participants receive encouragement and feedback on laps remaining after completing each lap (Simonsick et al. 2001 ). Participants were not permitted to jog and all participants in this study completed the 400-m walk without a walking aid.
For each participant, MLT (in seconds) was computed as the arithmetic mean of the time to complete each of the ten 40-meter laps. Lap time may increase as the lap number increases due to fatigability and those with chronic medical conditions could be more fatigued than those without. Thus, LTV was measured as the residual standard deviation (SD) of the lap time. It captures the variability in residual lap time across ten laps, not from stride-to-stride. First, the individual trajectory was computed from a participant-specific regression of lap time on lap number using linear random-effects models with random intercepts and slopes. The residual was computed as the difference between the lap time from each lap and the predicted lap time based on participant-specific regression of lap time on lap number. Finally, the SD of the residuals from ten laps was obtained and used in the analysis. This detrended SD is considered a more accurate measure of variability than the SD of MLT as it controls for the effect of fatigue-related slowing on variability (Simonsick et al. 2014; Tian et al. 2015) .
Health-related conditions
Self-report of osteoarthritis of the knees, leg pain when walking, and difficult walking 1/4 mile were obtained through an interviewer-administered interview. Smoking history was categorized as current or recent smoker vs never or former smoker. Obesity was assessed as body mass index in kg/m 2 . Physical activity was assessed using a standardized physical activity questionnaire (Taylor et al. 1978) . Based on selfreport of the degree of difficulty walking under various conditions, walking ability was scored from 0 to 9 (0=unable to walk one-quarter of a mile, 9=walking a mile is very easy) (Simonsick et al. 2009 ).
Statistical analysis
Sample characteristics, mobility measures, and neuroimaging markers of interest were compared among three age groups using Chi-square and one-way ANOVA as appropriate. Pairwise comparisons were examined using Turkey test or chi-square test as appropriate.
The associations of FA predicting LTV and MLT were analyzed using multivariate linear regression in separate age groups. As outcomes in the model, values of LTV and MLT were log transformed due to their skewed distributions. Models were all adjusted for age, sex, height, and weight. Covariates were chosen based on their known associations with WM health, walking variability, and walking speed. The association between FA and LTV was additionally adjusted for MLT because higher gait variability may be affected by slower walking speed (Beauchet et al. 2009 ). In this exploratory analysis, associations were reported as significant at p≤ 0.05.
To examine the contribution of macrostructural WMD to the relationship between FA and mobility measures, models were further adjusted for WMH for all age groups.
To examine the strength of the associations, models were additionally adjusted for smoking status, obesity, and walking ability. These covariates were included in a prior study examining fatigability during the 400-m walk (Simonsick et al. 2014) .
Results Table 1 describes sample characteristics, mobility measures, and neuroimaging markers among three age groups. As expected, compared to the young group, the young-old and the old-old had fewer smokers, higher prevalence of osteoarthritis of knees, and lower walking activity scores (Table 1 ). The oldold had higher LTV and longer MLT than the young-old and the young (p<0.001 for both). The young-old had longer MLT than the young, while there was no significant difference in LTV between the young-old and the young (p>0.05). The oldold had lower FA in all tracts of interest except the uncinate fasciculus and had higher WMH than the young-old and the young (Table 1) . Compared to the young, the young-old had lower FA in the superior longitudinal fasciculus, the inferior fronto-occipital fasciculus, the genu of the corpus callosum, and the anterior corona radiata. The young and the young-old did not significantly differ in FA in other tracts or in WMH (all p>0.05). After adjustment for age, sex, height, and weight, lower FA in the body of the corpus callosum was associated with higher LTVonly in the young-old, not in the young or the old-old (Table 2 , Model 1). The significant association in the young-old persisted after further adjustment for WMH or MLT (Table 2 , Model 2 and 3). The association between FA in other tracts of interest and LTV was not significant in all age groups (Table 2) .
After adjustment for age, sex, height, and weight, lower FA in the superior longitudinal, inferior fronto-occipital, and uncinate fasciculi, the anterior limb of the internal capsule, and the anterior corona radiata was associated with longer MLT only in the young-old, not in the young or in the old-old (Table 3 , Model 1). FA in the genu and the splenium of the corpus callosum was not associated with MLT in the youngold (Table 3 , Model 1). Lower FA in the body of the corpus callosum was associated with longer MLT in both the youngold and the old-old (Table 3 , Model 1). The significant associations in the young-old persisted after further adjustment for WMH (Table 3 , Model 2). The association between FA in the body of the corpus callosum and MLT in the old-old was attenuated after further adjustment for WMH (Table 3 , Model 2). FA in other tracts of interest was not associated with MLT in the old-old ( Table 2 ). The significant associations in the young-old persisted after further adjustment for smoking status, obesity, and walking activity scores (data not shown).
Discussion
Disrupted regional microstructural WM integrity is associated with more variable and slower fast-paced walking only among the young-old. Microstructural WM integrity may be an important, early neuroimaging marker of subtle development of abnormal walking. Adjustment for macrostructural WMD did not substantially affect the results in the young-old.
This study is the first to demonstrate the localization of microstructural WM integrity in relation to walking variability and speed in a sample of community-dwelling adults without overt neurological diseases. We quantified the relationship in the young, the young-old, and the old-old to understand the effect of age and microstructural WM integrity on variability and the mean performance of fast-paced walking. Our key finding is that disruption of WM microstructure is associated with more variable and slower fast-paced walking only in the young-old, even after adjusting for macrostructural WMD. Findings suggest that in the young-old, the presence and the amount of macrostructural WMD did not substantially contribute to the relationship between WM microstructure and abnormal walking. Interestingly, there was a marginal association between FA in the body of the corpus callosum and fastpaced walking speed in the old-old. Further adjustment for macrostructural WMD attenuated this association. We suspect that the impact of WM microstructure on mobility performance may be overridden by advanced WM neurodegeneration in the old-old, because the evolution of WM degeneration is much stronger in the old-old than in the young-old. We observed little associations in the old-old may be due to the fact that abnormal gait tends to be more multifactorial in advancing age. There may be other non-neural components contributing to abnormal gait in the old-old. As expected, we did not find any associations in young adults. These findings suggest that subtle alterations in WM microstructure may be a subclinical indicator of emerging motor deficits at an earlier and younger point in the lifespan.
Our approach to measure gait variability using lap time variation (LTV) is novel. We derived LTV from records of lap time (40 meters per lap) from the 400-meter walk test. Compared to the conventional gait variability which is measured from step to step, LTV may be a more global measure of walking variation across time. With this approach, we observed that lower microstructural WM integrity in the body of the corpus callosum was associated with higher LTV in the young-old. This finding was in line with prior findings that WM degeneration in the corpus callosum was strongly associated with gait dysfunction (Bhadelia et al. 2009 ), balance (de Laat et al. 2011a) , and fall risk (Koo et al. 2012 ). This association was robust even with further adjustment for MLT or macrostructural WMD. It suggests that FA in WM may be an independent neuroimaging marker of LTVand this relationship was not affect by slower fast-paced walking. Samples were free of Parkinson's and stroke and did not use a walking aid for the 400 m walk. Values were mean±SD or N (%) as noted. Macrostructural white matter damage was expressed as a ratio of total volume of white matter hyperintensities to the intracranial volume We also observed a strong association of microstructural WM integrity in the body of the corpus callosum with fastpaced walking speed only in the young-old. There was also a trend for lower FA in the splenium of the corpus callosum to be associated with slower fast-paced walking speed after adjustment for covariates. The role of the corpus callosum in mobility has been consistently reported (Bhadelia et al. 2009; de Laat et al. 2011a) . Disruption in the corpus callosum affects the interconnection between two hemispheres which may influence gait control. We did not find the association in the genu of the corpus callosum reported in prior DTI studies (Bhadelia et al. 2009; de Laat et al. 2011a de Laat et al. , 2011b . This discrepancy might be due to differing age effects on the three segments of the corpus callosum because they differ in myelin formation. The genu of the corpus callosum primarily contains thinly myelinated or unmyelinated fibers, with smaller diameters and densely packaged associative fibers connecting prefrontal cortices from bilateral hemispheres; in contrast, the body of the corpus callosum contains heavily myelinated fibers responsible for motor, somatosensory, and auditory cortices; while the splenium of corpus callosum contains more heavily myelinated fibers and also thinly myelinated fibers connecting the temporal, parietal, and occipital lobes from bilateral hemispheres (Lamantia and Rakic 1990; Kochunov et al. 2005) . FA in the body and splenium of the corpus callosum, which are composed of heavily myelinated fibers, declines more slowly across the lifespan compared to FA in the genu (Kochunov et al. 2005 (Kochunov et al. , 2007 . Our study is consistent in that FA in the body and splenium of the corpus callosum is less strongly associated with age compared to the genu. The genu's densely packaged associative fibers are myelinated by oligodendrocytes that are the most metabolic active cells in the central nervous system (McTigue and Tripathi 2008) , and are vulnerable to metabolic damage (Thorburne and Juurlink 1996; Juurlink 1997) . Findings from prior studies suggest that the body and splenium of the corpus callosum are less vulnerable to aging processes and metabolic damage compared to the genu. The fact that we did not observe a significant association with FA in the genu of the corpus callosum may be due to a stronger collinearity between age and FA in the genu of the corpus callosum. It may also be due to the use of a fast walking pace in the present study.
In addition to the corpus callosum, this study also examines cortico-cortical association fiber tracts that are involved in information processing and visual perception (Makris et al. 2005; Charlton et al. 2006; Dunsky et al. 2006) and play an important role in mobility (Penke et al. 2010; Zheng et al. 2012) . Dysfunction in the uncinate fasciculus may contribute to gait disturbances through worsened movement imagery (Dunsky et al. 2006; Scherder et al. 2011) . We found that lower FA in all these tracts was associated with slower fastpaced walking speed, which is in line with previous DTI findings (Vercruysse et al. 2015) . We also observed a significant association between FA in the subcortical tracts (the anterior limb of the internal capsule and the anterior corona radiate) and fast-paced walking speed, in line with prior findings (Vercruysse et al. 2015) . These subcortical tracts are in the motor control pathway, connecting the motor area of the cortex to subcortical WM (Hendelman 2006) .
Prior studies have shown that variability in speed-related behaviors is predictive of functional decline and overall slowing (MacDonald et al. 2003; Bielak et al. 2010) . Increased gait variability may be more likely to be the result of neural or musculoskeletal deterioration compared to slow walking (Kang and Dingwell 2008) . Accumulating evidence from longitudinal studies suggests that being variable may be an early stage of becoming slow. In this study, disrupted WM microstructural integrity in the body of the corpus callosum is associated with both LTV and MLT only in the young-old. One possible explanation for our findings is that variable walking mediates the relationship between FA in the body of the corpus callosum and slower fast-paced walking. Longitudinal studies are needed to test this hypothesis.
This study has limitations. We used the EVE White Matter atlas which was generated using a quantitative susceptibility mapping approach. This approach addresses the issue of crossing fibers, but the selection of WM tracts is restricted to the accuracy of the brain atlas employed. We are aware that Fractional anisotropy was in a standardized unit. Values of lap time variation was log transformed due to its skewed distribution prior studies have reported that the corticospinal tract plays an important role in mobility performance in older persons (Bolandzadeh et al. 2014; Bruijn et al. 2014) . Using the EVE White Matter atlas, we were unable to test the relationship in the corticospinal tract. This cross-sectional analysis does not indicate any causation between WM microstructural disruption and abnormal walking. In addition, our study sample may be healthier than the general population due to their voluntary participation in the BLSA and requirements for MRI eligibility.
In conclusion, disrupted regional WM microstructural integrity may independently affect variability and speed of fastpaced walking only in the young-old. DTI measures of WM microstructure may be useful as early indicators of motor deficits for the young-old who have not yet developed advanced WM damage. Fractional anisotropy was in a standardized unit. Values of mean lap time were log transformed due to its skewed distribution
